The aim was to study the anti-tumor activities and mechanisms of two synthetic peptide fragments of tumstatin (alpha3 (IV) NC1 domain) in human gastric carcinoma cells in vitro and in vivo. Methods: MTT assay and cell cycle assay were used to study the anti-tumor and anti-angiogenic activities of two peptide fragments in vitro. Apoptosis induced by the two peptide fragments was demonstrated by TUNEL assay and morphological observation. The orthotopic tumor model was established to investigate the activities of two peptide fragments in vivo. Intratumor vascularization and the expressions of VEGF, bFGF, Fas, FasL, Bax, Bcl-2, and caspase 3 were determined using immunohistochemistry and Western blot analysis. Results: Peptide 19 inhibited SGC-7901 proliferation and induced apoptosis both in vitro and in vivo. Notably, peptide 21 suppressed the proliferation of HUVEC-12 cells in vitro. Each peptide arrested both cell lines at the G 0 /G 1 phase of the cell cycle, and they also synergistically suppressed in vitro and in vivo tumor growth. Immunohistochemistry and Western blot analysis revealed the strong expression of Fas, FasL and caspase 3 in orthotopic tumor tissues treated with peptide 19 alone or in combination with peptide 21. Decreased expressions of VEGF and bFGF and decreased microvessel density (MVD) in orthotopic tumor tissues were seen in mice treated with peptide 21 alone or in combination with peptide 19. Conclusion: Two tumstatin peptide fragments facilitate two unique antitumor activities. Thus, they are drug candidates in the treatment of gastric carcinoma.
Introduction
Angiogenesis, the formation of new capillaries from preexisting blood vessels, is generally suppressed in healthy adult organisms and is turned on temporarily in such settings as the female reproductive cycle or during tissue repair processes. However, uncontrolled angiogenesis is associated with a number of pathological disorders, including diabetic retinopathy, rheumatoid arthritis, and tumor growth and metastasis [1, 2] . Optimal tumor growth beyond 1 mm of volume is not possible without neovascularization [1, [3] [4] [5] . Moreover, tumors metastasize into other organs via newly formed blood vessels [3, 6] . It is thought that angiogenesis is maintained through a delicate balance between growth factors and inhibition factors.
Tumstatin is an endogenous angiogenesis inhibitor that is derived from type IV collagen. Tumstatin is the noncollagenous domain of type α3 (IV) collagen, a basement membrane collagen found in kidney, lung, testis, and other vascular basement membranes [7] . Tumstatin inhibits angiogenesis by inducing apoptosis and inhibits endothelial cell proliferation through its binding to ανβ3 integrin, leading to suppression of cap-dependent protein translation [8] [9] [10] . Maeshima et al [11] used deletion mutagenesis to demonstrate that the anti-angiogenic activity of tumstatin is localized to amino acids 54-132. Subsequently, the anti-angiogenic activity was localized to a 25 amino acid region encompassing amino acids 74-98 (T7-peptide), which contains the entire anti-angiogenic activity associated with tumstatin [12] . The region is distinct from the 185 to 203 region that is responsible for the anti-tumor activity of tumstatin [9, 13] . A synthetic peptide encompassing residues 183−205 of the NC1 domain of the α3 [IV] chain specifically inhibited activation of polymorphonuclear leukocytes [14] . This peptide binds to an integrin complex, promotes adhesion and chemotaxis, and inhibits proliferation of various human cancer
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Acta Pharmacologica Sinica npg cell lines [13, 15] . Surprisingly, there has been a lack of research on the use of tumstatin for the treatment of gastric tumors, considering its potential for inhibiting angiogenesis and tumor growth in gastric tumor models. This potential is suggested by studies on experimental tumor models of malignant melanoma, bronchopulmonary carcinoma, and malignant glioma. The present experiments were designed to demonstrate the in vitro and in vivo antitumor properties of two synthetic tumstatin peptides: peptide 19, which corresponds to residues 185−203 of the NC1 domain of the α3 [IV] chain, and peptide 21, a T7 mutant, in human gastric carcinoma cells. We also explored the different mechanisms of antitumor activities for these two synthetic tumstatin peptides. The combination of peptide 19 with peptide 21 was also explored for improvement in antitumor efficacy.
Materials and methods

Synthetic peptides
The NC1α3 (IV) (185−203) peptide 19, CNYYSNSYSFW-LASLNPER; the corresponding scrambled peptide, YAPL-WNRSSFENSLNYSCY; and peptide 21, MPFLFCNVNDVCN-FASRNDYS, were purchased from Multiple Peptide Synthesis (San Diego, CA) and Syn Pep Corp (Dublin, CA).
Cell lines and cell culture
Human gastric cancer SGC-7901 cells (Shanghai Cell-biological Institute, Chinese Academy of Sciences) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (10% FBS-DMEM) and 2 U/ mL of penicillin-streptomycin mixture and incubated in 5% CO 2 -95% air at 37 °C. Human umbilical vein endothelial cells HUVEC-12 (Shanghai Cell-biological Institute, Chinese Academy of Sciences) were grown in Endothelial Cell Medium-2 supplemented with 2% fetal bovine serum, R 3 -IGF-1, hydrocortisone, ascorbic acid, hFGF, VEGF, hEGF, GA-1000, and heparin as recommended by the manufacturer. All cells were maintained at 37 °C in 5% CO 2 .
MTT assay SGC-7901 cells and HUVEC-12 cells were trypsinized, seeded at 1×10 3 cells/well in 96-well plates, and treated with peptide 19, peptide 21, and the two peptides together at various concentrations (0, 15, 30, 45, and 60 μg/mL). Twenty-four hours later, the effects on cell growth were examined by MTT assay: 20 µL of MTT (Sigma Co) solution (5 mg/L in PBS) was added to each well, and the cells were incubated for 4 h at 37 °C. The adherent cells were subsequently solubilized with 150 µL dimethyl sulfoxide (DMSO). The absorbance (OD) at 570 nm was recorded using an ELISA reader (Bio-Rad). The inhibition rate of cell proliferation was calculated by the following formula: Inhibition rate (%)=(OD control -OD treated )/OD control .
TUNEL assay
In brief, SGC-7901 cells were treated with control peptide (34 μg/mL), peptide 19 (34 μg/mL), peptide 21 (34 μg/mL) or peptide 19 (17 μg/mL) and peptide 21 (17 μg/mL) together. After 48 h the number of apoptotic cells was determined using the in situ cell Death Detection kit from Roche Diagnostics (Mannheim, Germany) following the manufacturer's instructions. The apoptotic cells (fluorescent green staining) were counted under a fluorescence microscope. The apoptotic index was defined by the percentage of fluorescent green cells among the total number of cells in each sample. Three fields with 100 cells per field were randomly counted for each sample.
Transmission electron microscopy
For electron microscope analysis of apoptosis, pretreated SGC-7901 cells and HUVEC-12 cells were fixed in 1% glutaraldehyde and 4% paraformaldehyde in PBS, postfixed in 1% osmium tetroxide in PBS, dehydrated and subsequently embedded in epoxy resin. Ultrathin sections (80 nm) were stained with uranyl and lead acetates and examined under a Hitachi H-600 electron microscope at 80 kV (Hitachi, Tokyo, Japan). Orthotopic human gastric cancer xenografts After ip injection of 0.4 mL SGC-7901 cells at a concentration of 5×10 7 /mL, nude mice developed peritoneal carcinomatosis similar to that of advanced gastric cancer. When nude mice developed massive ascites production, the malignant ascite cells were taken to culture in vitro. Following their culture, 0.2 mL of the malignant ascite cells at a concentration of 5×10 7 /mL was injected hypodermically into another mouse. The tumors were measured using Vernier calipers, and the volume was calculated using the standard formula (length×width 2 × 0.52) [16] . The tumors were allowed to grow to about 100 mm 3 . Mice were anesthetized with 2.5% avertin and the tumors were resected aseptically; the tumor tissue was subsequently cut into smaller pieces of about 1−2 mm 3 . One piece of this tumor was implanted on the back of another anes- Mice were anesthetized and an incision was made through the left upper abdominal pararectal line and peritoneum. Two to three pieces of tumor were implanted with biological albumin gel on the top of the nude mouse stomach where the serosa had been injured (Shanghai Li Kang Rui Biological Product Co, Ltd) and the abdominal wall and the skin were subsequently closed. Animals were kept in a sterile environment [17] .
Drug treatment
Five weeks later, mice were randomly divided into groups of 5 mice. Control peptide (4. 
Immunohistochemical analyses
Sections were deparaffinized and rehydrated. They were then heated in citrate buffer (0.01 mol/L, pH 8.0) in an 800-W microwave oven for 12 min for antigen retrieval. Endogenous peroxidase in sections was inactivated in 2% H 2 O 2 for 10 min. The sections were then blocked in 3% normal horse serum in 0.2 mol/L PBS (pH 7.4), followed by incubation with a rabbit anti-Fas monoclonal antibody (diluted at 1:100) or a rabbit anti-FasL antibody (diluted at 1:50, Sigma Co). Sections were incubated in primary antibody for 2 h at room temperature and then processed following standard ABC immunostaining (Vector Laboratory, Burl-ingame, CA). Immunoreactive products were visualized using 3,3'-diaminobenzidine/H 2 O 2 . To verify the specificity of the immunoreactions, some sections were incubated with either PBS or normal mouse IgG as a replacement for the Fas antibody. Additionally, all sections were immunolabeled with a rabbit monoclonal Bcl-2 antibody (diluted at 1:200) or with Bax, bFGF, caspase 3, or VEGF (diluted at 1:200; 1:100; 1:100; 1:200, respectively; Sigma Co). Fas, FasL, caspase 3, Bcl-2, Bax, bFGF, and VEGF immunostaining in the cancer was evaluated microscopically and recorded as a percentage of positive cells (labeling frequency %). Positive expression was defined as positive staining cells ≥10%. All sections were coded and observed by an investigator who was blinded for study protocols.
Immunohistochemistry of intratumor vascularization
Intratumor vascularization was examined by immunohistochemical analysis as described previously [18] . The sections were stained with anti-CD34 Ab (at 1:100 dilution, Sigma Co) and a second peroxidase-conjugated goat anti-rat IgG Ab (1:100 dilution, Santa Cruz biotechnology). Immunoperoxidase staining was carried out using a Simplestain mouse MAX-PO Kit (Nichirei, Tokyo, Japan). The density of microvessels was quantified by first scanning the tumor at low power and identifying five areas at the tumor periphery that contained the maximum number of discrete microvessels and then counting the individual microvessels.
Western blot analysis
Tumor tissues were lysed with a hand-held homogenizer using lysis buffer (10 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L DTT/1 mmol/L NaF/0.5% NP-40/0.5 mmol/L PMSF/0.2 mmol/L sodium orthovanadate/2 μg/mL of aprotinin, leupeptin and pepstatin). Lysates were incubated at 4 °C for 20 min with rotation. After centrifugation at 14 000 r/min (20 800×g) for 12 min, the supernatants were collected and boiled in loading buffer, separated by SDS-PAGE, and transferred onto a nitrocellulose membrane. Membranes were blocked with 5% (w/v) milk/PBS/0.1% Tween 20. Immunodetection was performed as described in the ECL kit protocol (Amersham Pharmacia): blots were incubated for 2 h at room temperature with specific antibody, washed with PBS, and incubated for another 30 min at room temperature with the peroxidase-conjugated antibodies. Western-blot analysis was performed with Fas, FasL, caspase3, Bcl-2, Bax, bFGF, VEGF, and β-actin antibodies (Santa Cruz Biotechnology Inc). All experiments were performed in triplicate. 
Effects of tumstatin peptides on cell apoptosis
After 48 h of treatment with peptides we observed an induction of apoptosis in SGC-7901 cells. We found that 13.3%±1.5% of the cells treated with peptide 19 alone and 17.7%±2.5% 
Effects of tumstatin peptides on morphology of SGC-7901 cells and HUVEC-12 cells
Electron microscopy of SGC-7901 cells treated with peptide 19 alone or the combination of the two peptides showed typical apoptosis characterized by volume reduction, chromatin condensation, nuclear fragmentation, and the presence of apoptotic bodies ( Figure 3B , 3D) when compared with the control cells ( Figure 3A ). These changes were not observed in SGC-7901 or HUVEC-12 cells after treatment with peptide 21 (Figure 3C , 3F, 3G, 3H).
Cell cycle assay
To study the effect of tumstatin peptide treatment on proliferation at different phases of the cell cycle, we treated exponentially growing cells with tumstatin peptides for 24 h. 
Inhibition of angiogenesis by tumstatin peptides in tumorbearing mice
We then examined the effect of tumstatin peptides on in vivo angiogenesis in tumors by immunostaining with CD34. Invasive growth of local cancer cells into lymph ducts was observed in control groups ( Figure 5A ). Tumors from animals receiving PBS ( Figure 5B ), control peptide, or peptide 19 ( Figure 5C, 5D) showed intense CD34 staining, indicating the presence of extensive angiogenesis in the tumors. However, tumors from animals treated with peptide 21 alone or the combination of the two peptides together showed a significant reduction in microvessel density ( Figure 5E , 5F) (P=0.006 and 0.001, respectively) ( Table 3) .
Expression of Fas, FasL, caspase 3, Bcl-2, Bax, VEGF, and bFGF in tumor tissues 26.67%, 13.33%, and 6.67% tumors were positive for Fas, FasL, and caspase 3 in the mouse gastric cancer tissues treated with control peptide. However, 30 days after treatment with peptide 19 or the two peptides together, the expression levels of all three proteins increased in the gastric cancer tissues of mice ( Figure 6A-6C) . The expression of Fas, FasL, and caspase 3 remained low in animals treated with peptide 21. The expression of Bcl-2 and Bax was similar in the three treated groups and the control peptide group (Figure 6D, 6E) . The expression of VEGF and bFGF was high in the control peptide group and the peptide 19 group (Figure 6H , 6I). Treatment with peptide 21 ( Figure 6F , 6G) or with the two peptides together decreased the expression of VEGF and bFGF in gastric cancer tissues (Table 4) . We further confirmed these findings by Western blot analysis. The data showed that the expression levels of Fas, FasL, and caspase3 were increased in mouse gastric cancer tissues treated with peptide 19 or peptide 19 and peptide 21, whereas the expression of Bcl-2 and Bax was similar in the three treated groups and the control peptide group (Figure 7 ).
Discussion
Angiogenesis, the process by which new blood vessels are derived from preexisting capillaries, is considered essential for tumor growth [1, 19] . The tumor microenvironment influences the induction of tumor angiogenesis [3, 19, 20] . The angiogenic switch is turned "on" when levels of endogenous angiogenesis stimulators, such as VEGF and bFGF, exceed those of endogenous angiogenesis inhibitors [1, 5, 20, 21] . Tumstatin is one such endogenous angiogenesis inhibitor.
In the present study, we demonstrate the anti-tumor properties of two tumstatin synthetic peptides: peptide 19, which corresponds to residues 185-203 of the NC1 domain of the α3 [IV] chain, and peptide 21, a T7 mutant, in human gastric carcinoma cells in vitro and in vivo. We chose these two peptide fragments for tumor treatment because peptide 19 contains anti-tumor cell activity and we believed that peptide 21 would contain the anti-angiogenic property of tumstatin. There the 185-205(α3(IV)NC1) peptide (peptide 19), indicating that this effect is dependent on partial degradation of the NC1 domain [22] . This research also investigated the effect of these two peptide fragments on the growth of human gastric cancer xenografts in a mouse model. The animal model used in these gastric cancer experiments had the characteristics of orthotopic syngenic tumors (SGC-7901cells) in an immunocompetent host (nude mice). Thus, the results from this study are clinically relevant. Our results show that peptide 19 suppressed the growth of tumor xenografts in a dose-dependent manner. However, peptide 21 suppressed the growth of tumor xenografts only at higher concentrations. These findings are consistent with previously reported results. Previous data showed that tumstatin delayed primary tumor growth and metastasis but failed to achieve tumor regression in animal models. Treatment with both peptide fragments caused some weight loss in the experimental animals, which was tolerable when less than 8.8 mg/kg peptide was used. Higher concentrations (over 8.8 mg/kg) of tumstatin were not used in this study because of high toxicity.
We observed in vivo that mice treated with peptide 21 had a lower number of CD34-positive vessels along with an impairment in angiogenesis. In vitro, we did not detect apoptotic endotheliocytes in cells treated with peptide 21. These results indicate that peptide 21 selectively inhibits endotheliocytes and induces apoptosis of new vessels in tumors, but does not affect normal endotheliocytes.
CAO et al reported that a fusion peptide made of tumstatinderived peptides a.a. 74−98 and a.a. 197−215 connected by the human IgG3 upper hinge region possesses antiangiogenic and antitumor cell proliferation properties. They showed that this peptide potently inhibited the proliferation of human endothelial (HUVEC-12) cells and human colon cancer (SW480) cells and Bax, respectively A×400, B×400, C×200, D×400, and E×200). Absent expression of bFGF (F×200) or VEGF (G×200) was observed in tumour cells treated with peptide 21. Expression of bFGF (H×200) and VEGF (I×400) were high in orthotopic gastric carcinoma samples without treatment. [23] . The antiangiogenic activity of tumstatin is localized to two distinct integrin binding regions that are separate from the region responsible for its anti-tumor activity [9, 24] . αVβ3 integrin binds to the NH 2 -terminal end, amino acids 54-132, which is presumably associated with cap-dependent translation inhibition and antiangiogenic activity [12] . α3β1 integrin binds to the C-terminal region, residues 185-203, which is associated with antitumor activity [25, 26] . When tumstatin binds to αVβ3 integrin in endothelial cells it inhibits phosphorylation of FAK. Inhibition of FAK activation leads to inhibition of the FAK/ PI-3K/Akt/mTOR/eIF4E/4E-BP1 signaling axis that mediates cap dependent translation, resulting in activation of apoptosis. The binding of α3(IV)NC1 to α3β1 integrin transdominantly inhibits αVβ3 expression in cells. Under hypoxic conditions, this inhibits NFκB mediated signaling and leads to inhibition of COX-2/VEGF/bFGF expression, resulting in inhibition of hypoxic tumor angiogenesis. We found that the expression of VEGF and bFGF was low in gastric cancer tissues of mice treated with peptide 21. Peptide 21 has no effect on apoptosis of tumor cells and may prevent angiogenesis by suppressing the activity of VEGF and bFGF. However, in gastric cancer tissues of mice treated with peptide 19 alone or peptide 19 and peptide 21 together, the expressions of Fas, FasL, and caspase3 were high. The expressions of Bcl-2 and Bax were similar between the treated and control groups. These results show that peptide 19 may induce apoptosis of tumor cells through the Fas pathway but not through the Bc1-2 family.
There are distinct mechanisms that mediate the antiangiogenic and anti-proliferative activities of these tumstatin peptides. The data reported here suggest that two tumstatin synthetic peptide fragments together facilitate two unique antitumor activities, which could make them valuable therapeutic agents for inhibition of tumor growth. 
